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NESTIGATION OF GIASS-XETAL COMPosITE MATRIALS

INTRODUCTION

This report covers research effort expended on Naval Ordnan*e Con-

tract NOrd 15764 in the period March 15, 1958, tL1 Juie 15, 1959. It

comprises work reported in the Tenth, Eleventh, and Twelfth Quarterly

Progress Reports and work performed in the perlod De.eember 15, 1958,

to June 15, 1959, inclusive of the thirteenth qarter for which a

separate report will not be submitted. On January 21, 1959, the re-

search facilities of the Owens-Corning Fiberglas Corporation at Newark,

O),io, were disrupted by a flood. Approximately three months were re-

quired to return the Laboratory to normal operating condition and to

replace the considerable number of test specimens that were lost. By

permission of Mr. George B. Butters, Contracting Officer, the reporting

period for the Fourth Annual Progress Report was extended to June 15,

1959.

The major effort was directed to Improving the characteristics

of glass-metal composites by determining the variables affecting their

behavior. One investigation was concerned with the factors eontrolling

the strength of single filaments in the operation of forlui and ooatin

them with molten metals. Tn another investigation the physical properties

of composite materials were examined in relation to the theories whi•ke

have been evolved to explain or predict their behavior.

The work represents the combined effort of Moesrs. Jo 1. Abeu'

Re g. lrans, P. A. Lockwood, e. Be Mattern, N. L. Leedy and Dr. H. B.
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Whitehurst and Dr. Jo W. Kiohener, Consulting work ws done by Dr. Idw d

Saibel of Rensselaer Polytechnic Institute and Dr. To So Shevlin of The

Ohio State University.

Physical property measurements of the glass-reinforced metal test

bars were performed at The Ohio State Experimental Station under the

direction of Dr. T, S. Shevlin and at the Owns-Corning Fibergls Testing

Laboratories.

Invaluable assistance in the preparation of the text of this report

wa given by Mr, Jo A. Grant of the Rseearoh Laboratories aftinistrativo

staff of Owens-Corning Fiberglas.

/
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Work at the start. of the fourth year of research on glass-netal

ocposites was mainly directed to cieating composites of acceptable

strength-to-weight ratio suitable for service in the 1500 - 2000•F

range.

Direct high temperature analogues of glass-aluminum composites

could not be made by the techniques successful for glass-aluminum.

Neither "'" glass nor fused silica fibers could be coated in the fiber-

forming operation or vacuum injection cast with metals melting above

aluminum. The alloys used, mainly those of copper, oxidized deeply and

too rapidly and the fibers were excessively embrittled.

An adaptation of powder metallurgy techniques ccmprising mixing

fibers with powdered metals, hot pressing into green compacts and

sintering was explored with partial success. Samples of nickel, copperp

stainless steel, chromium, anM brass with "'I glass or fused silica

fibers, both bare and aluminum coatedgwere carried through the green

compact stage. Sintering was not satisfactorily accomplished due to

equipment limitations. To overcome the difficulty, major expenditures

for capital equipment were required and for that reason work on high

temperature composites was temporarily discontinwed.

A study was initiated to discover the underlying m•echanime reepOm-

sible for the physical properties exhibited by gUes-aluamum ocopositee.

Work was divided into two sections. In ane, the factor.s cantroW g the

strength of ustal-osated fibers were investigated, In the other, the



4

properties of composites were examined to determine the interactions of

glass and metal in producing the final ocomposite properties.

To facilitate tensile testing of single fibers a multihead tester

was developed capable of pulling eight fibers simultaneously and providifg

a trace record of stress versus time for each. The device provided the

requisite sensitivity and greatly accelerated testing work.

Quality of metal coatings was found not to be a factor affecting

fiber strengths* It had been assumed that thickness, smoothness and

ocmpleteness of coatings correlated with higher fiber tensile strengthe.

In one series of experiments using three glasses varying from excellent

to poor in coatability with two aluminum alloys, the coated fiber ten-

sile strength was a constant percentage of the virgin fiber strength of

each glass independent of coating quality. For 100 aluminum the coated

fiber tensile strength was 20 - 24 per cent of virgin fiber strength

and for a 94 per cent aluminum - per cent sinc - 1 per cent cadmium

alloy, 17 - 23 per cent. In another series of experiments five parene-

tore in the operation of fiber forming and metal coating believed to

control coating quality and strength were studied. It was found that

the parameters studied were not the only controlling one.; some other

variable influenced coating thickness and tensile strength to a greater

extent. Strengths were not reproduoible in reruns* A set of partamters

was established after much labor which would give reproducible and rela-

tively even coatings of metal on the fibers, Thia was acoc•lished with

a combination of relatively high palling speed and careful wtering of
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metal flow. Tensile strength of fibers so produced use relatively low,

averaging l0',000 +_ 8,000 psi.

The strength of alminum-ooate4 glass fiber was found to be affected

by humidity the same as bare glass fiber. Strength we 20 per cent greater

in 5 per oent relative humidity versus 60 per cent relative humidity

atmospheres Lead-coated fibers were not so affected.

Experimsnts were performed on the thermal expansion of metal-coated

fibers and glass-metal composites. Efforts were made to correlate the

results with the treatise by R. B. Wiley on "Thermal Expansion of Glass-

Metal Composites." 1 The experiments were not decisive and correlation

ws therefore not possible& More work under finer control is needed In

this area.

The properties of glass reinforced aluminum eoposites were cmpared

with those of sintered aluminum powder (SAP) with the object of deter-

mining if the mechanisms by which the matrix metal of each are reinforced

are the same or different. The results indicated that glass-aluminum

ocomposites had properties which were similar or superior to those of the

SAP materials but that the mechanisms were not the samew The tensile

strength of glass-aluminum composites is achieved at interpartiole

spacings considerably larger than the theoretical inimum required by

SAP materials theory. This became apparent only at elevated temperstures.

The differene wes enhanced with increasing glass content and wa taken

to indicate that the factor determining the ininma tensile strength of

1 lleventh Quarterly Progress Report* Contract NOrd 15764t June 15#
1958, to September 15, 1958,
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glass-aluminum composites is dependent on the presence of the glass in

filamentous form. Since the comparison is made on the basis of the obeer-

vation that the tensile strength of SAP materials is dependent on inter-

particle spacing of the oxide particles, no conclusion can be drawm

regarding the mechanism operating in the fiber reinforced materials.

Two other basic differences in behavior between the two materials were

explored. In tests at 900OF indications were that the curves obtained

by plotting the logarithm of stress-to-rupture against time-to-failure

would be considerably flatter for glass-alainumn composites than for

SAP# as would be expected if ultimate failure depended on fiber frac-

ture rather than creep or flow of the metal. Permanent strain-hardening

could not be induced in glass-alumzinun composites as compared to SAP

materials in which strain-hardening is one of the strengthening mechan-

isms operating.

The stress-strain diagrams of glass-metal composites were examined

with the object of learning or explaining the role of each component in

the strengthening mechanism. Matrix metals used were leads sin*# and

aluminum alloys; five of the nine aluminum alloys were variously heat

treated. Marked differences were observed but none of such a nature as

to explain behavior of the individual components* Stress-strain diagrams

were of four general types:

1 Initial yield followed by a straight line segment

2. Continuously changing slope

3. Typical of a metal

4. Continuously but irregularly changing slope
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Moduli computed from the curves varied widely at initial stressinge In

a few oases moduli up to 25 million psi were indicated for composite@

which should not go over ten or eleven million psi. Modull'of three to

seven million psi were computed for the straight line portion of 37 per

cent of the curves (Type 1). If it in assumed that the modulus of the

materials is an additive function of the area of the components, the

modulus of the composites in the strained oondition would be in the

neighborhood of 2.2 million psi.

Breaks were of two types: one with a tangent modulus of more than

one million psi and one with a tangent modulus of lees than one half

million psi. These results indicate that initial strength of the matrix

does not appear to be the primary factor in determining strength of the

composites and that shape of the stress-strain curves is affected more

by heat treatment than by any other variable investigated.

Due to the large disparity in tensile strengths between vacuum In-

jection cast glass-metal composites and handlbok data for the matrix

metal in the form of comuercial wrought alloy bars# the effect of vacum

injection casting on strength was investigated.

Vacuum cast bars of the commercial alloy as received and iluted

with one part 1100 aluminum to three of alloy were made in the same

manner as glass-metal composites but omitting the glass fibers. The

results of room temperature tests were not as decisive as desired due

to loss of the undiluted coercial allAy bars which were not replaeed,

Compared on a cast basis# the indications were that dAlution of the iatrix.

alloy lowered it. strength relatively little* The vacuum inJeetio east
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glass-aluminum composites behaved similarly to the cast diluted alloy boe

with the exception of reduoed elongation. The major difference between

cast and wrought alloy would appear ,to be one of basic structures As

previously reported the properties of wrought bar@ fade aroun 400OF

whereas vacuum injection cast glase-aluminum composites continue strong

to 700 - 900°Fe

Attempts were made to relate the rate of fiber breakage in compos-

ites under stress to shapes of the stress-strain curves. Results showd

that the fiber breaks in glass-lead bare could account for mome of the

change in the shape of the stress-strain curve. Results with glass-

aluminum bare were not as positive. The rate of fiber breakage increased

exponentially just prior to failure of the sample and bore no relation

to shape of the curve. Work in this direction wes discontinued.

Dr. 3dward Saibel has composed a model system for glass-tal

composites designed to explain and predict the properties of composites.

His treatise, attached to this report as AppendiX Bp is similar to

Dr. H. B. Whitehurstte treatise on the principles of fibrous reinforee

mente 1 but takes plasticity of the matrix into account. 0 perimsutea

data fit both theories with sowe unexplained deviations.

1Appendix I, Tenth Quarterly Prop•re Report. Contract lOrd 15764p
March ,5, 1958, to June 15, 1989.
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DISCSSION

Developnent of Glass-Metal Composites
For Elevated Temae-rature Serioe

It was obvious that composites with strength in the range 1500 -

20006F would require a glass of higher temperature endurance than "'"

glass. For this reason a method of drawing fibers from fused silica

rods was developed and placed into laboratory scale operation. Attempts

were made to coat the fused silica fibers with various metals at form-

ing. Aluminum was applied successfully but metals with melting points.

above a luminum (copper alloys) were not; oxide developed rapidly pre-

venting the metal from contacting the fibero In those few cases where

continuous coating of high temperature alloys was achieved the fibers

were brittle and difficult to handle. A modification of the aluminum

coating technique will be necessary if metals which melt above 15000F

are to be applied directly to fibers in the forming operation.

A few trials were made at vacuum injection casting molten metal

around the fibers, but copper and its alloys oxidize so rapidly that the

method was impractical. For this reason adaptations of conventinal

powder metallurgy techniques were developed in which fibers coated with

metal powders were hot pressed in dies to form green compacts. A slurry

composed of metal particles suspended in a viscous liquid which served

as a heat fugitive binder was applied to the fibers in the forming opera-

tion. The particles adhered well enough to permit placing the fibers In

pressing dies. Dipping the fibers in etkylene glycol and rolling them In
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metal powders was found to be an easier method for effecting the

combination*

Hot pressed compacts of copper,. niokel, stainless steels, nickel--

chromes and brass reinforced with fused silica fibers were produced*

One bar was made with sirconium powder* Compacts containing over 50

per cent glass could not be made satisfactorily and the best glass

percentages were relatively low, generally less than 10 per cent. With

the exception of copper the bars all showed low green compact strength.

This is not unusual for powdered metal compacts, but it does make

h-ndling more difficult* The use of 1100 aluminum precoats on the

fibers resulted in denser, more easily handled compacts and was especia.ly

helpful for nickel compacts. Strengths of green compacts of copper

(Table I) and nickel (Table II) were not exceptionally high but consid-

ering the low per cent of theoretical density achieved the results were

quite favorable.

Sintering was not satisfactorily accomplished due to inadequacy of

available frnaces in maintaining suitable protective atmospheres. Differ-

ential tnezmal contraction between fiber and metal leading to severe inter-

nal stressing as the compacts cooled over a long temperature range was

another problem encountered. The delamination observed was believed to

be in part due to that cause and in part to oxidation. Possibly the dAf-

ferential shrinkage problem could be overcome by placing the bars under

light to moderate pressure during the sintering and cooling steps.

At this time the necessary equipment for the high temperature work

was not available at the Owens-Ceorning Fiberglas Corporation Researeh
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Laboratories. For this reason it was recommended that the Navy Bureau

of Ordnance consider another contractor or subcontractor having adequate

facilities for investigating these high temperature composites. 3n the

meantime the Owens-Corming Fiberglas Corporation Research facilities

would be used to investigate the mechanism by which glass fibers and

metal matrixes interact to produce the properties exhibited by the

present composite materials.

Research Into Strength of Metal-Coated Glass Fibers
and Methods of Imiroving the Coated Fiber Strength

For this phase of the work a faster, more sensitive method of

measuring the tensile strength of single fibers was required. A mwlti-

head tester was , veloped and constructed which was capable of testing

eight single fibers simultaneously and recording the results automat-

ically. 1 With an auxiliary Jig (fork) for mounting fibers in the

teeter, several hundred tests per day were quite possible. Tensile

strengths were computed from the recorded loading at break and the fiber

diameter as measured with a filar micrometer.

The first experiments were designed to check the correlation, if an,

between tensile strength and quality of the ooating on the fiberse. AsAmp-

tions had been that smooth, uniform, thin coatings yielded higher strengths.

Glasses R178, "'V and "C" arranged in order of doorasing ecatability were

coated with 1100 aluminum and the standard coating alloy (94 per cent Al -

1Twolfth Quaterly Progress Raport. Contract NOrd U764, hptwe Is,
1958# to Dosebeor 15, 1958.
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5 per cent Zn - 1 per cent Cd). Within relatively narrow limits the

coated fiber strength was a constant prcentage of the virgin fiber

strength for all three glasses, 20 - 24 per cent for 1100 aluminum and

17 - 23 per cent for the standard alloy.

These results indicated coating quality was not a controlling faetm

in coated fiber tensile strengths.

More recent work was done to determine what factors in the fiber

forming and coating operation affect coating quality and fiber strength.

The variables involved weres

1. Fiber forming temperature

2. Fiber pulling speed

3. Distance of metal coater from fiber-forming tip

4. Fiber diameter

5. Flow rate of metal onto the fiber

The results of the first tests were not very encouraging and it ws

decided to rerun the tests using statistical methods of changing theus

variables. (See Table III)

Before this was done it was decided to try improving the fiber

forming and coating method to eliminate possible outside variations.

This work involved forming as uniform a fiber as possible and producing

as smooth a coating as possible. After a considerable expenditure of

time, it was found that by using very high pulling speeds, such as 0,0000

feet per minute and over, and controlling the flow of the metal by meter-

ing procedures that the above objectives could be accomplished. It was

found, though, that the relative strength of these coated fibers was Iw
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compared to other fxperimental results. The fiber strength@ were 3.07,00

psi with a normal variation of + 8,000 psi as compared to a normal overal1

average of 12 5 ; 0 0 0 psi.

The experimentation changing the five parameters mentioned earlier

was now reapplied on a statistical basis except that the flow of the metal

was metered as best possible. The results of these experiments are show

in Table I and as can be seen other unrecognized variables are still in-

fluencing the experiments. This is best indicated by the fact that when

a series of conditions were repeated in the experiment that the variations

in results were as wide or wider than when changing the variables. There

appeared to be no correlation between the variables and tensile strengthp

between the variables and fiber coating uniformity, and between fiber

coating uniformity and tensile strength.

During this work it was found that fibers which were allowed to

stand overnight showed a reduction in strength compared to fibers which

were tested within a few hours of the time they were formed. This fact

had also been noted in the Basic Physics Research Department and was

accredited to the room humidity. *A series of tests were designed in

which coated fibers were tested in the virgin condition and metal-coated

condition in atmospheres of 60 per cent and 5 pear cent relative humidity.

The virgin fibers showed an approximately 20 per cent increase in strengt

when tested in the low humidity condition. This was found to be true wth

aluminum-coated fibers also but not with lead-oeated fibers. The resAlte

of this test were rather surprising in that it hd alwysw been asmmeod

based on microscopic exumination, that the ooatl.g quality of aewumlm-
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coated fibers was superior to that of lead-coated fibers. No other ex-

planation than coating discontinuity or porosity would appear to explain

the differences between the two materials. This conclusion was further

emphasized on applying wax coatings over the metal coatings. Although

the wax did not eliminate change in tensile strength with changing

humidity, the effect was greatly reduced. Aluminum wires tested as

controls showed no change in strength with varying humidity.

Another more surprising indication was that several times forks

would appear with exceptional strength of over 2S0,000 psi against an

overall average of about 125,000 psi for coated fibers. These would

seldom appear as single fibers on one fork, but rather as whole forks;

and repeated checking into fiber diameter and the equipment failed to

show any malfunction. All work to trace the reason for these exceptional

strengths has ended in failure and at the present time no methods have

been devised which will seemingly lead to an explanation.

A series of thermal expansion tests on metal-coated fibers was

started and results of these tests are recorded in Figures 1, 2v 3, and 4.

The reason for this work was an attempt to correlate experimental results

with theory set forth in the treatise on "Thermal Expansion of Glass-

Metal Composites" by R. B. Wiley. 1 Correlation was not possible either

because the changes were smaller than experimental error or beotene the

treatise did not cover enough of the variables involvsd.

1 Eleventh Quarterly Progress Report. Contract NOrd 157649 June 13g
1958, to September 15, 1938



Research Into Comuosites

As previously reported1 work was done to check the poshiblity that

the reinforcing mechanisms operating in glass-inetal composites might be

the same as in dispersed oxide partiole composites of which sintered

aluminum powder (SAP) composites are typical. In summation the proper-

ties of glass-reinforced aluminum and SAP composites were found to be

similar in many ways but due to the differences in interparticle spacing

on which SAP theory is based it was concluded that the fibers did not

act in the same way to modify the properties of the aluminum. Particle

spacing in glass fiber reinforced aluminum is many times the minim

normally used in sintered aluminum powders and for similar properties

there are differences of several hundredfold. This behavior was evident

only at elevated temperatures and was intensified with increasing glass

fiber content indicating dependence on preserce of the glass in filament

form. Additionally, the two materials differ in stress-rupture and cold

working properties. Stress-to-rupture versus time-to-failure curves for

glass-aluminum composites look to .be flatter than those for SAP indicating

again dependence on fibers rather than discrete particles and metal flow.

Permanent strain-hardening could not be induced in glass-alum•lnum com-

posites but is known to operati in SAP materials as one of the strengthen-

ing mechanismse. Cold working glass-aluminum composites either by extrusion

or rolling is difficult at best; severe cracking is encount•red with glass

1 Tenth Quarterly Progress Report, Contract Nord 13764, Nahh 13,
1958, to June 15, 1958.
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contents much over 10 per cent when these operations are done In the

normal manner. In general no increase in strength after cold working

and annealing fas noted and for those samples that could be rolled with

great difficulty the strength actually deoreasei. This behavior indicated

a distinctly different mechanism of reinforcement for glass-fiber metal

composites.

A better understanding of the nature of glass-metal composites was

the primary reason for studying changes in stress-strain curves caused

by varying the matrix metal. Correlation of rate of f ber breakage in

composites under stress with shape of the stress-strain curves was

attempted by recording the sound of the breaking fibers. The objective

in both cases was to determine effect of the fibers on the matrix mate-

rials. Preliminary results have been reported. 1

Results with glass-fiber lead composites indicated that the fiber

was the factor controlling the shape of the stress-strain curve. As the

rate of fiber breakage increased, the shape of the curve changed at

approximately the same rate.

While all the stress-strain curves are not shown in this report,

three of them illustrate the variations caused by changing the matrix

metal. Figure 5 presents a comparison of stress-strain curves for

glass-fiber lead, glass-fiber aluminum, and glass-fiber sine compositese

The composites were prepared by vacuum injection casting and contain

iTwelfth Quarterly Progress Report. Contract NOrd 15764, September 15,
1958, to December 15, 1958.
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approximately 20 per cent glass fibers by volume. Tests were conducted

at room temperature.

Figure 6 shows the relationships between three aluminum matrix com-

posites vacuum injection cast with 20 per cent "B" glass fibers by volume.

The first curve is for 1100 aluminum. The second curve is for 2014

aluminum solutioned and aged after casting. The third curve is for 4032

aluminum also with solution and aging heat treatment after castirg.

These three curves show the difference that alloys can make in composites.

Figure 7 presents four curves showing the effects of various types

of heat treatment on a composite of 2014 aluminum vacuum injection cast

with 20 per cent "E" glass fibers by volume. The curves represent the

as cast, annealed, solutioned, and solutioned and aged conditions of

heat treatment. These are average curves typical of results obtained and

do not represent any one composite.

The work on the stress-strain sound recording of aluminum compo3ites

proceeded very satisfactorily using the modified sound recording system

previously described. 1 Figures 8 and 9 present typical stress-strain

curves with representative fiber breakage rate curves for aluminum com-

posits materials. Figure 8 presents a glass-aluminum composite in which

the matrix material is 3100 aluminum and Figure 9 presents a composite in

which the matrix material is 2014 aluminum after solutioning and aging.

As can be seen from these curves, the shape of the stress-strain curve

cannot be readily predicted from the change in the rate of fiber breakage.

lTwelfth Quarterly Progress Report. Contract NOrd 15764, Septeber 25,
1958, to December 15, 1958.
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In fact, due to the almost entirely exponential shape of the fiber breakage

curve, the only thing that can be discerned is that when one is checking

the sound of fiber breakage during a& stressing operation approximately

five to ten seconds' warning is given as to the time at which the compos-

ite will break. Work with the stress-strain sound experiment, therefore,

has been discontinued at the present time.

Due to the wide difference in the ultimate tensile strengths found

experimentally for glass-aluminum composites and the ultimate strengths

as published for the commercial alloys, it was decided to see what effect

the casting system used in producing composites might have on the strength

of the comiercial alloys. Rods of the various alloys were vacuum cast

in the same manner as for composites but with fiber omitted. Alsop due

to the fact that glass fibers normally are coated with 3100 aluminum, bars

were made of the commercial alloy diluted with 25 per cent 1100 alumirrnei

This percentage is about the same dilution of the matrix alloy as in typi-

cal vacuum injection cast composites. The experiment turned out not to

be as decisive as desired due to loss of the undiluted alloy bars before

testing which were not replaced after the flood. Tensile strengths of

composites are compared with strengths of diluted alloy bars and handbook

data in Table IV. Any conclusions drawn from these data may be labeled

speculativo and based on slim evidence. Howeverp the data tend to show

that dilution of the matrix with casting alloys lowers its strength rela-

tively little. The composites have strengths like the diluted alloy bars

indicating the addition of fibers did not weaken tnem. IAt i inferred

that the main difference between cast and wrought oonsercial alloy bar*
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arises from differences in basic metal structure in the two conditions@

This difference is erased at temperatures above 400"F for commercial

alloys versus composites which continue strong to 700 - 900"F.

To check R. B. Wiley's treatise "Thermal Expansion of GlassA-Metal

Composite Materials," 1 checks were made on the thermal expansion of

glass-metal composites. In particular lead# zinc, and aluminum compos-

ites were studied. The test apparatus did not function properly for

the higher temperatures required in testing the glass-aluminum campos-

ites, but curves were obtained for the lead and zinc materials and data

on 2014 aluminum-glass composites were available from earlier trialse

These are shown in Figure 10. But after re-examination of the experi-

mental apparatus, it is felt that while the curves are valid, they were

not under fine enough control to either prove or disprove the work done

by Re Be Wiley. Future work in this area is still planned.

Theoretical Studies of Glass-Metal Composites

In the 10th Quarterly Progress Report, Dr. Ho Be Whitehuret presented

a paper in which he used glass reinforced plastic composites an a model

to describe glass-metal composites. The main consideration in this trea-

tise is that both the composite components are deformed elastically under

stress. Dr. Eo Saibel of Rensselaer Polytechnic Institute has sine. fol-

lowed this same line of reasoning but has utilized Ikown experimental and

1hleventh Quarterly Progress Reports Contract NOrd 15764# Ame 15@
1958p to September 15, 1958.
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theoretical work on metali to devise a set of experimental curves for glass-.

aluminnum composites allowing for the plastic deformation of metals under

stress. This treatise is found in Appendix Bo Both of these theoretical

works seem to fit fairly closely to experimental data, but there are devia-

tions which cannot be explained exactly. Whether it is due to the asmwptios

that had to be made or whether it is due to an experimental error or by

coincidence that the curves happened to follow those of the theories Is zwt

understood* A conclusive test to discern the facts has not been foaid at

the present time.

S
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Work in the next period will follow the same pattern of trying to

discern what the effects of the glass and metal are in producing the

unique set of properties found for the composite materials* Most of this

work will be an extension of the present work and will be divided into

two clases.

One will be concerned with attempts to prove validity and appli-

cability of any of the three theories advanced, i.e.; Re Be Wiley's

treaties# Dr. H. B. Whitehurst's theory, and Dr. g. Salbel's theory,

The other area of interest is concerned with prosecuting studies

on both aluminum-ooated fibers and composites at high temperatures.

Specifically, fiber strengths and stress-strain behavior of various

composites at elevated temperatures ?ill be exmined. Stress-strain

behavior of composites with low percentages of glass Is of particuala

interesto.
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TABLE I

UNSINT1RED FUSED SIlICA-COPPER COMPOSITES
* TZSIIZ STRENGTH

Fused Silica Fibers. 0.0065 - 0.001 Inch Diameter.
3% by Wt. Oriented Parallel

Hot Pressed at 9004F & 16.6 tons/sq.in. Not Sintered.

Temperature Tensile Strength Elongation
"OF Psi %

Room 46,900 3.9
32,000
4,420 0

14,050 0

500 10,500 -
22,500 1.56

1100 4,043 -
3,800
1,900

1500 484 -
402 6.25
402

Control No Glass Fibers

Room 27,500 0.76



TABLE II

UNSINTEED FUSED SILICA-AIUMINUM-NICKEL OOMPOSITES
TENSILE STRENGTH

Fused Silica Fibers. 0.00075 - 0.0012 Inch Diameters
Precoated with 1100 Aluminum. Oriented Parallel.

Hot Pressed at 1100OF & 14 tons/sq.in. Unsintered.
Tested at Room Temperature

Tensile Averige
Comgosition - % by Wt. Strength Tensile Strength
Fiber Al N1 Psi Psi

5 5 90 3323 3699
4n75

10 10 80 6947
95a2 7660
6491

*16.66 16.66 66.66 10637
11412 10054

8113

"*Speoifie Gravitys Theoretical 4.99
Actual 4.42
89.1% of Theoretioal
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20% "V Gl1ss Fibers by Volu.e
Matrix - Alumium Alloys

Orientation - Parallel
(Tested at Room Temperature)35
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TABLE IV

TENSILE STRENGTH COMPARISONS

Composites - 2% by Volume "E" Glass
Parallel Oriented 1100 Aluminum Coated

with Aluminum Matrixes

Tested at Room Temperature

Ultimate Tensile Strength
psi x 10-3 Eongatics %

As An- Solution As An- solution
Alloy Cast nealed & Aged Cast nealed & Age4

1100 Aluminum
Composite 14.5 14.1 -- 0.32 0.34 -
Laboratory Casting* 9.1 5.2 .- -
Commercial (Wrought)** 18.0 13,0 - 20.0 45.0 -

2014 Aluminum
Composite 23.2 18.5 27.0 0.6 1.0 0.6
Laboratory Casting* 14.7 - 24.5 - - -

Commercial (Wrought)** - 25.0 68.0 - 21.0 10.0

4032 Aluminum
Composite 21.3 - 33.1 0.6 - 0.4
Laboratory Casting* 17.9 - 29.4 - - 0.4
Commercial (Wrought)** - - 55.0 - - 9.0

5056 Aluminum
Composite 18.8 17.2 - 0.7 0.4 -
Laboratory Casting* 19.4 16.3 .. . ..
Coamercial (Wroght)** 60.0 42,0 - 10.0 35.0 -

SC52A
Composite 22•.7 17.6 26.3 1.7 0.8 0.8
Laboratory Casting* 23.5 - 31.9 - --
Commercial (Casting)** 26.0 - 34*.0 1.5 -- .s

*The laboratory control castings contain 75% of the matrix alloy aad
25% 1100 Aluminum, which is the ratio of the matrix alloy and the
fiber coating alloy in composites.

**Hmndbook datae
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SUMMARY

A method has been developed by means of which stress-strain relation-

ship of glass reinforced composite materials may be predicted from the

stress-atrain curves of the individual materials, The beethod is based as

the fundamentals of the theory of elasticity and takes Into aceount the

non-linear behavior of materials, low curves have been determined for

ordinary room temperature and at elevated temperatures,

Nomenclature

With the exception of symbols defined in the body of the paper the

following nomenclature is used.

0 a unisxial stress

O ao a a universal constant taken as 300 pas (see referesee

a ullihxiUl strain

0 a uoltiout strength of metal

a a a cont.tant dependent upon ( and CC (e*aation 3)

-u IniLiul modulus of elasticity of metal Li.e at mere straia

COm inutantusmeoue modulus of metal

a modulus of elasticity of glass

"T a temperature in degree Yareaheit

* rdi
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Introduation

The fundamental problem is the behavior of a single, glasa fiber

surrounded by a thin layer of metal coating under the app•iLoation of an

axial load* A composite bar with a high oonoen$ration of such glass fibers

embedded in it, may then be assumed to act principally in the saw mlnwer

that a single fiber doos. In the following, first the separate behavior

of the component parts will be examined and then the combined problem

will be investigated.

Behavior of Metal

The coating metal being ordinarilly of aluminum compounds essentially

exhibits a nonlinear stress-strain relationship when subjected to loads.

This nonlinear behavior plays an important part in deoscribing the behavior

of composite bars especially at lower ranges of temperature where the

strength of metal becomes comparable with that of glass. W & ill take feo

the stress-strain relationship of the metal the following relationsbip

(reference 1) which has been derived from phenomenologioal eonsideratius

of polycrystalline metals.
-k"(7" • /Al 't Nze•

where or is the stress, t. is strain and is a universal onstas• t and

S+ 0,+/d)..



A being a oonstant described below.

Squation (1) is an isothermal relationship. For any gives temperature of

application of streis the oonstant / is related to the ultimate true

strength of the metal at that temperature and is to be found from the

relationship

If in addition the initial modulus of elastioity of the metal £'

io known, all the required oonstants in equatiLon (1) ean be determiaeds

The instantaneous modulus E'. (). do-/fd I e i esor by

Elm4•e f'Ate ) ke (k)

Figure I illustrates all the eharaeteristles of equatiem (2)
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/

Figiare 1

000

For low temperatures (750° - 2007F), Cr. to rather large and trom

(3) /9 >> 1 0 In this case the preosedlig e quatieo am be some-

what simplified and take the following ferm

Ai / a Exr(

O"1 .
-1/0



However, when temperatureo are rather high (200-7O0) A begomn

comparable with,unity and one must use the more accurate equation s•)

and (4). For even higher temperatures these equations coams to be valid

and creep msut be taken into accounto

behavior of Glass

Olass is an almost perfect example of an elastic materials Its stress-

strain relationship up to the point of breaking *an be assumed to be

or incrementally

Furthermore its behavior changes very little with variation of temperatures

for example its modulus of elasticity ohanges by lees than one per-

cent in a rise of 2500F,

Streua-Struin Relationship for Oomposite Fiber

In many problems of mechanics a simple and straight forward approach

often provides an adequate anower for the phenomenon under oossideration

along with the promise of being mathematioally lose oumbersomoe A higher

level of exaotitude is warranted if experiment points to an Imadequasy of

the simpler appiaoch, In the absence of sufficient experimatal evidenee,

three different approaches have boon adopted for this prekles, In the first

the erfect of the difference of Poisosn's ratio of the two media has bee&



neglected, in the second this effect has been talken into account while

simplifying the problem by assuming that the metal coating is ver tkhin.

And in the third approach the comple4e problem has been sonmidored. te

final justification and limitation of any one of theme approaches is of

course dictated by experimental evidence.

A. Approach Number One

Consider the arrangement shown

in Figure 2. The two media occupy 81a.I

the regions bounded by concentric

circles of radii sand a

Lot

Am- area of metal rim5e 2

A m area of Slash

a load on f iber

a uniform stress in metal, equation (1) or (j)

a uniform stress in glass, equation (8)

a,. axial strain in metal

a axial strain in glass

Then assuming the condition of continuity in the form

and neglecting the reduction of the areas due to Poisson ratio offet



w7n

we hare

or it we lntroduoce

Aj

7 UP - observed stress

we obtain with the aid of equations (1) and (8)

Cr a' aP + XJ

This equation should yield a good approximation iU all saso LA which the

difference in Poisson's ratio of the materials to not to* great* Zts

range of applicability should Include single fibers and also sempsite

bare which have a uniform distribution of glass fibers *thougbout tbeir

orosm-seotous.~
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S. Approaoh Number ?wo

Figure 3

Ira?

Assuming that at a certain instant of loadipg0 a hydrostatio pros,-

sute p act@ on the glass core, any further inetoas. is load P will

bring about a change in this pressure p. Then Q1e the glass oure we

oan write an inorenental form of .generalled lookee. Low

but

,4o. - - ?.
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Therefore

44~~. *e*4 24j4 1  2~

And for the metal when

Ri,

we can write in 4L eiglmar

manner 4TS ) •-

4e~~cm IPo m~(~+dOJ (1?)

but approximately

0c~- R
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Therefore

4,L~ ~(20)

Assuming that no slip and no separation occurs at the laterfa, e of the

two media, we have as the requirements of oontinuity

.The first of these Implies

from which

where

Ks ~+P~-)4(~ R2i



Bubatituting for dp In (16) and (20) we have

"ci K (a5), • ~ ,,,• :,,' ,J

K'

where uns has been made of (22). Inverting these we got

w (A 4,) C

. (.-b 6,, + Cap,, )d,/1. )

where

A~w (R'~ZW 2

s- r,+-+ •-+• . )€,,•

Leot now

cJp :increment of applied load

,r n• increment in observed stwresA.#, A 4
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Then equilibrium require. that

or with the aid of (27) and (28)

cr. 4. F . +(c X F.) +

where

For etrece we have

After carrying out the integration we obtain

Cr - xp " _+• % 8, 60 ; Its A+ • •,• .,+

-kI

+ >,,

where

(3)



Thus within the framework of assumptions made, equaties (32)

represents the flow curve of a. single glass fiber* As it stands this

equation is not applicable for reinforced composite bars. foe nah

bars0 especially when the glass content is very low, metal soatiag

around each single glass core Is very thick and assumptionms mae e-

garding hoop and radial stresses no longer hold. For very high glass

content one can consider the entire bar as a single fiber. I& that

came an equivalent (Rm/y) may be computed from

or C, (3)

C. Approach Number Three

No I. Muekholishvili (Reference 2) in his Mathomatical1.heory of

Elasticity considers the problem of extension ot a composite bar poses@-

sing rotational symmetry. If both bodies have linear stress-strala

relationship, he gives the following formula fov the oagaitudo of ap-

plied load, referring to figure (2)

where

R~ , 9 E .7C it O1,-;) el6

Y. w It

.,*r

• £
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It is significant to notice that K$3 in always a positive oonstant

which adds to the rigidity of extension of the bar irrespeetive ot tho

sign of ( a -0 ) In our notation equation (35) reads

Oref +xe2)E (38)

where
D 4 Ant •)

Writing equation (38) in the incremental form

and integrating it in order to take into account the variation oef -ob

with &train we get after considerable mathematical manipulation

+ (1



t

where

HI.

The first term of equation (41) represents a correction to equation (12).

Conclusion

On the basis of theoretical analysis and numerical calculations a

few observations can be made regarding the stresasitrain relationships

derived above. Equation t12) provides a relativeoy simple moans of pre-

dicting flow curves for single fibers as well an for composite bars, and

in all cases where the difference in Poisson's ratio of the two materials

may be neglected. The use of equation (32j is to be confined to single

fibers and composite bars of more than 70% glass of uniform distribution.

Equation (41) is more cumbersome to evaluate numerically but is applica-

ble to single fibers as well as to composite bars of uniform glass

distribution. In the case of bars with 20% glass it has been found that

equations (12) and (41) almost coincide. The difference to very smalls

It must be pointed out that the three methods of approach explained

above are really various degrees of approximation to the aetual problem,

starting with elementary considerations and ending with more aeeurats

-methods in which the interaction of the two media has bsen soasidered.
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Examples

For purposes of iilustration and oomparison the following namerical

examples have been worked out for equations (12), (32) adM (41)0

General Data

T a temperature n 500 F

0, a ultimate strength of 2&-B12 aluminum &'4300 psi

Co u initial modulus of metal a 7.8 x 106 psi

1-6a 0.33

* modulus of glass a 11.3 x 106 psi

-• 0.2

n a universal constant * 4390 psi (see reference 1)

Then from (2) and (3)

/4 w 1.1752

A1 I 3.718

At a -o.632

A3 . 1.,368

,• • 1.718

k - Z. StZxee3

and from (33)

a .5.086

6 a 5.524

C - 1.086

T * 0.349
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I. Single class fiber (30% metal, 700 xlass)

-4

t a 0.5 x 10" •bbhes

Xi 0.7

X." 0.3

from (29)

A - 0.269

. 0.141 x 10-6

C - 5.4

CX. + A xIi.lf

II. Oomposite bar (80% metal. 20% glass)

X,.. 0.8

)ý a 0.2

4 -+-
R.1l . o.8og

A a 3.883

B 2 2.063 x 1o"6 ln./it

C a 25.49a

Cgm+ AX 3 .11.1

aid

D •.0o01352

a 1.274 x 10" /

GC ,2.6



-x8..

0-.3446 z 10 ,t/Ib.

__ _ -~o.ost4axo r.a

* 0o111

* -1.922
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Numerica.. Data for Stress-Strain Curves

T__12L,ý 25-H12 Aluminum, "E" Glass

- 30 metal ~"0-Strain_ Eq.( ).( E _ Eq.(t /Z Eq.(32) Em(z) •
o.2XI0-3 2.26,103 1.34x10•i t.98x,03 3.65X1o3 /1.52=1o3 2

0.4 4,52 2,309 3.857 U (jXI:! .'al

0.6 6.78 2.988 5,642 9.454 3,746 5

0.8 9.04 3.453 7.364 11.842 4.57 6

1.0 11.3 34762 9.038 13.962 5.27

1.4 1.5.82 4.085 12.3 17.701 6.432

1.8 20,34 4.214 15.502 21.098 7.439 81

2.0 U 2.6 4.244 1791 22.735 7.92 8,

2.5 28.25 4.287 21.06 26.764 3o 8

3.0 33.9 4.296 25,02 30.736 10.22 81

3I5 39,55 4.3 28.98 34.698 11.35 81

4.0 45.2 4.3 32.93 38.653 12.48 81

5 56.5 4.3

6 67.8 4.3 48.75 5 h'. 47t 17.0 91

7 79.1 4.3

10 113 4-3

15 169.5 4.3 119.94 125.663 37.34

20 226 4.3 165.21

25 282.5 4.3 59.94 '

30 339 4.3 218.29 Z.:.o -

40 452 4.3

Best Available Copy
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